Introduction
The change of climate and the escalation in global warming have driven increasing worldwide concern about the environmental protection. To gain and retain competitive advantages in the global market, firms have started to focus on the development of green products to satisfy customer environmental needs and requirements [1] . Consequently, green supply chain management (SCM) development with environmental thinking and strategies has become an important task for firms [2] .
Green supplier selection is a critical activity because the environmental performance of the supply chain is affected significantly by its constituent supplier [3, 4] . Environmental and economic dimensions must be considered simultaneously when firms select a suitable supplier [5] . The green suppliers are chosen and must fit a firm's expectations and objectives, so as to minimize negative environmental impact and maximize economic performance. Thus, the green supplier selection process integrates environmental concerns into the interorganizational practices of SCM including reverse logistics [6] .
Despite the growing work of green SCM, however, existent researches generally concentrate mainly on decision making techniques with complicated mathematical computational models in supplier selection problem. In addition, consider environmental aspects in isolated way [7] . The implementation of green supply management is not well understood, and understanding the environmental sustainability practices involving SCM activities is still limited [8] . Therefore, more researches are needed to answer how companies actually carry out green supplier selection [9] considering environmental and economic aspects simultaneously.
In recent years, TOPSIS (technique for order performance by similarity to ideal solution), proposed by Shih et al. [10] , has been a popular technique to solve MCDM problems.
Mathematical Problems in Engineering
The fundamental idea of TOPSIS is that the chosen alternative should have the shortest Euclidian distance from the positiveideal solution and the farthest distance from the negativeideal solution. The positive-ideal solution is a solution that maximizes the benefit criteria and minimizes the cost criteria, whereas the negative ideal solution maximizes the cost criteria and minimizes the benefit criteria. In the classical TOPSIS method, the weights of the criteria and the ratings of alternatives are known precisely, and crisp values are used in the evaluation process. Under many circumstances, however, crisp data are inadequate to simulate real-life decision problems. Consequently, a fuzzy TOPSIS method is proposed to deal with the deficiency in the traditional TOPSIS. The method based on the weights of criteria and ratings of alternatives are evaluated by linguistic variables represented by fuzzy numbers. Some advantages of the TOPSIS [11] and fuzzy TOPSIS method include the following: (i) a sound logic that embodies rational human choice; (ii) a simple computation process that can be used and programmed easily; (iii) the number of steps that remains the same regardless of the number of attributes; (iv) a scalar value that accounts for both the best and worst alternatives at the same time. As a result, fuzzy TOPSIS approach has been broadly applied to decisionmaking applications over the past few decades.
Several studies in the literature have mentioned the difficulty of weighting the criteria and keeping consistency of judgment when using fuzzy TOPSIS. Thus, the combination of the fuzzy TOPSIS with another method, such as fuzzy analytic hierarchy process (AHP), might be able to determine proper objective weightings under a vague environment. The AHP, a powerful tool in applying MCDA, was introduced and developed by Büyüközkan and Ç ifçi [12] . The AHP helps identify the weights or priority vector of the alternatives or the criteria, using a hierarchical model that includes target, main criteria, subcriteria, and alternatives. Nevertheless, a major disadvantage of AHP is that it is unable to handle adequately the inherent uncertainty and imprecision of human thinking. Fuzzy AHP has been developed to solve this problem [13] . In FAHP method, the application of the fuzzy comparison ratio tolerates vagueness in the model. Decision makers use natural linguistic emphasis as well as certain numbers to evaluate criteria and alternatives. Fuzzy AHP impressively resembles human thought and perception. In the literature, many studies have used either fuzzy TOPSIS or fuzzy AHP methods to select and evaluate the suppliers [14] [15] [16] [17] [18] [19] . However, few studies have proposed an integrated fuzzy MCDM approach for suppliers selection and evaluation, especially in the case of green suppliers.
This paper proposes an integrated fuzzy multicriteria decision making (MCDM) approach, to solve problems of green supplier selection and supply chain construction simultaneously, effectively, and efficiently. To address the research need, we leverage a small and medium sized high tech company to draw a case study of an actual green supplier selection and green SCM experience of a Taiwanese optical prism manufacturing entity (hereinafter referred to as TOP, a pseudonym), in the Luminance Enhancement Film (LEF) industry. The company was selected because the rapidly changing environment of the optical prism industry forces firm to develop ongoing sustainable capabilities and to respond to the uncertain environment.
The remainder of this paper is organized as follows. In Section 2 green supplier selection criteria and method literature is reviewed. The basic concepts of fuzzy numbers are shown in Section 3. The integrated fuzzy MCDM approach is proposed in Section 4. Section 5 applies the proposed approach to a real case. Concluding remarks are presented in Section 6.
Literature Review on Green Supplier Selection Criteria and Methods
As a result of escalated global warming and increasing environmental protection awareness, EU environmental orders such as RoHS, WEEE, ErP, and REACH have been enforced. The supply chains of firm and the products are required to become more ecofriendly, especially in the electronics industry. The circumstance has driven supply chains not only to comply with environmental policies but also to enforce firms govern their own corporate environmental policies to sustain in the global market. Green SCM has become a strategy to improve a firm's environmental and economic performance [25, 38] . Procurement constitutes one of the key strategic functions in SCM. Selecting the right supplier gives the firm a competitive edge to either reduce costs, enhance the quality [39] , or minimize negative environmental impact, avoiding violating relevant legislation [20] .
In practice, when a firm is purchasing, the professional purchaser chooses the favorite suppliers on the basis of specifications and conditions. A firm primarily prioritizes economic criteria such as cost, quality, delivery, and flexibility. The environmental certificate of ISO 14000, as one of environmental criteria, is usually applied for purchaser reference only. Efficient evaluation criteria can help the firm to reduce the risks associated with suppliers [21] . Current literatures address the most popular economic criteria considered by the decision makers for supplier selection and evaluation which are quality [4, 12, 22, 23, 25] , cost [20] [21] [22] [23] [24] , delivery [21, 23, 26, 27] , flexibility [22, 28, 29] , and relationship [23, 28, 29] . Environmental criteria are environmental management system [2, 19, 28, 32-34, 36, 37] , green competencies [2, 33, 34, 36, 37] , and ecodesign [28, 32, 34, 35] . Few studies simultaneously considered economic and environmental aspects for green supplier selection.
Currently, environmental factors play a vital role for the long term success of a supply chain, and the purchasing process has become more complicated with environmental consideration [3] . Several studies have examined the criteria of supplier selection and focused on different approaches or criteria. Table 1 presents the most commonly used criteria in the literature to evaluate the environmental and economic performance of green supplier selection.
In the literature, numerous techniques have been developed to select the most suitable suppliers or green suppliers based on specific methods including fuzzy AHP [3, [40] [41] [42] [43] , analytic network process (ANP) [6, 29] , data envelopment analysis (DEA) [6] , MCDM approach [13, 21, 31, 33, 44-47], Green image Ratio of green customers to total customers and social responsibility [2, 33, 35] Green competencies Materials used in the supplied components that reduce the impact on natural resources and ability to alter process and product for reducing the impact on natural resources [2, 33, 34, 36, 37] , Green product Use of recycled and nontoxic materials, green packaging, and excess packaging reduction [6, 34, 36] Staff environmental training
Staff training on environmental issues [36] Management commitment Commitment of senior managers to support and improve green supply chain management initiatives [34, 36] Green Technology
The application of the environmental science to conserve the natural environment and resources and to curb the negative impact of human involvement [6, 34] structural equation modeling and fuzzy logic [23] , optimum mathematical planning model [35] , linguistic preferences [28] , fuzzy linguistic computing approach [27] , Fuzzy Adaptive Resonance Theory algorithm [30] , and genetic algorithm (GA) [48] . Although a number of methods have been studied, most of the studies have only used either economic or environmental criteria for evaluating the suppliers. There are few studies considering economic and environmental criteria simultaneously in the supplier selection process.
And each of those methods has its own advantages and disadvantages; this study proposes the integrated approach by combining the two most popular techniques for solving green supplier problems, that is, fuzzy TOPSIS and fuzzy AHP. In the proposed approach, the fuzzy AHP is employed to determine the important weights of criteria under vague environment. Then, the fuzzy TOPSIS is used to evaluate and rank the potential suppliers. In addition, both economic and environmental criteria are considered in proposed MCDM approach.
Mathematical Problems in Engineering

Fuzzy Numbers
There are various ways to define fuzzy numbers. This paper defines the concept of fuzzy numbers as follows [49, 50] .
Definition 1.
A real fuzzy number is described as any fuzzy subset of the real line with membership function , which has the following properties:
is a continuous mapping from to the closed interval [0, 1].
is strictly increasing on [ , ] .
(e) is strictly decreasing on [ , ] .
where , , , and are real numbers. Unless elsewhere specified, this research assumes that is convex and bounded (i.e., −∞ < , < ∞).
Definition 2. The fuzzy number = [ , , , ] is a trapezoidal fuzzy number if its membership function is given by
where ( ) and ( ) are the left and right membership functions of , respectively [50] . When = , the trapezoidal fuzzy number is reduced to a triangular fuzzy number and can be denoted by = ( , , ). Thus, triangular fuzzy numbers are special cases of trapezoidal fuzzy numbers.
Definition 3 (the distance between fuzzy triangular numbers). Let = ( 1 , 1 , 1 ) and = ( 2 , 2 , 2 ) be two triangular fuzzy numbers. The distance between them is given using the vertex method by
Definition 4 ( -cuts). The -cuts of fuzzy number can be defined as
, where is a nonempty bounded closed interval contained in and can be denoted by = [ , ], where and are its lower and upper bounds, respectively [50] . For example, if a triangular fuzzy number = ( , , ), then the -cuts of can be expressed as follows:
Definition 5 (arithmetic operations on fuzzy numbers). Given fuzzy numbers and , where , ∈ + , the -cuts of and are = [ , ] and = [ , ], respectively.
By the interval arithmetic, some main operations of and can be expressed as follows [50] :
Proposed Approach for Green Suppliers Selection
In this section, an approach for green supplier selection by combining fuzzy TOPSIS and fuzzy AHP method is presented. The proposed approach offers a new way to solve the green supplier selection problem effectively and efficiently, since it enables decision makers to minimize the negative environmental impact of the supply chain while simultaneously maximizing business performance. The procedure of the proposed approach is stated as follows.
Step 1. Identify a number of economic and environmental criteria.
Step 2. Aggregate the important weights of the criteria.
Step 3. Aggregate the ratings of suppliers versus the criteria.
Step 4. Normalize the fuzzy decision matrix.
Step 5. Construct the weighted normalized fuzzy decision matrix.
Step 6. Calculate normalized weighted rating.
Step 7. Calculate + , − , + , and − .
Step 8. Obtain the closeness coefficient.
Assume that a committee of decision makers ( , = 1 ∼ ) is responsible for evaluating suppliers ( , = 1 ∼ ) under selected criteria ( , = 1 ∼ ), where the suitability ratings of alternatives under each of the criteria, as well as the weights of the criteria, are assessed in linguistic terms [51, 52] represented by triangular fuzzy numbers.
Identify a Number of Economic and Environmental
Criteria. In this study, the criteria are classified into two categories, that is, economic criteria ( , = 1, . . . , ) and environmental criteria ( , = + 1, . . . , ). The number of economic and environmental criteria is selected from Table 1 through screening by the decision makers.
Aggregate the Important Weights of the Criteria.
In this section, a fuzzy AHP is applied to obtain more decisive judgments by prioritizing the economic and environmental criteria. Several fuzzy AHP methods have been proposed in literature to solve the MCDM problems. This study adopts the extent analysis method proposed by Chang [53] due to its popularity and computational simplicity. Chang's [53] method is briefly discussed as follows. Let = { 1 , 2 , . . . , } be an object set and let = { 1 , 2 , . . . , } be a goal set. According to Chang [53] , each object is taken and an extent analysis for each goal ( ) is performed, respectively. Therefore, the extent analysis values for each object are obtained as 1 , 2 , . . . , , = 1, 2, . . . , , where ( = 1, 2, . . . , ) are triangular fuzzy numbers (TFNs).
Assume that are the values of extent analysis of the th object for goals. The value of fuzzy synthetic extent is defined as follows:
where
. . , , = 1, 2, . . . , .
Let 1 = ( 1 , 1 , 1 ) and 2 = ( 2 , 2 , 2 ) be two TFNs, whereby the degree of possibility of 1 ≥ 2 is defined as follows:
The membership degree of possibility is expressed as follows:
where is the ordinate of the highest intersection point of two membership functions 1 ( ) and 2 ( ). The degree of possibility for a convex fuzzy number to be greater than convex fuzzy numbers is defined as follows:
The weight vector is given by
where ( ) = min ( ≥ ) , ( = 1, 2, . . . , ) , = 1, 2, . . . , ; ̸ = .
Via normalization, we obtain the weight vectors as follows:
where is a nonfuzzy number. This study adopts a "Likert Scale" of fuzzy numbers starting from 1 to 9 to transform the linguistic values into triangular fuzzy numbers, as shown in Table 2 .
Aggregate the Ratings of Suppliers versus the Criteria. Let
= ( , , ), = 1 ∼ , = 1 ∼ , = 1 ∼ , be the suitability rating assigned to green supplier , by decision maker , for criterion . The averaged suitability rating, = ( , , ), can be evaluated as follows: 
Normalize Performance of Suppliers versus Criteria.
To ensure compatibility between average ratings and average weights, the average ratings are normalized into comparable scales. Suppose that = ( , , ) is the performance of green supplier on criteria . The normalized value can then be denoted as follows:
where − = min , * = max , = 1, . . . , , and = 1, . . . , . 
Calculate Normalized Weighted
The distance of each green supplier , = 1, . . . , , from + and − is calculated as follows:
where + represents the shortest distance of alternative and − represents the farthest distance of green supplier . (1/ 1 , 1/ 1 , 1/ 1 ) 
Obtain the Closeness Coefficient.
The closeness coefficient of each green supplier, which is usually defined to determine the ranking order of all green suppliers, is calculated as follows:
A higher value of the closeness coefficient indicates that an alternative is simultaneously closer to PIS and further from NIS. The closeness coefficient of each alternative is used to determine the ranking order of all green suppliers and indicates the best one among a set of given feasible green suppliers.
Case Study
In this paper, a comprehensive green supplier selection model is proposed by considering the important criteria in economic and environmental aspects for evaluating green suppliers. The proposed method is applied on the case of the Taiwanese optical prism (TOP) manufacturing entity in Luminance Enhancement Film (LEF) industry to solve green suppliers selection.
TOP, founded in late 2003, is the leading optical prism manufacturer in Taiwan. TOP focuses on advanced product development and quality improvement. However, TOP is now dealing with the increase in competition. Moreover, the LCD product life cycle is very short; qualified suppliers as TOP frequently have to provide innovative products within a limited lead time for customers verification to meet timeto-market as well. Consequently, with the purpose of maintaining the existing customers satisfaction and attracting new international customers to improve market share, the selection of quality constant green suppliers for long term cooperation is extremely essential for survival of TOP.
When TOP confirmed its role and strategy as a green supplier, TOP needs to evaluate its core competences and identify the gap between customer needs and consultant suggestions. TOP then restructures the ecological environment of the industry. TOP has employed the green SCM simultaneously considering environmental and economic aspects to either comply with regulation or meet customer needs. Furthermore, TOP has proactively invested both quality and environmental management system, such as quality system of economic criteria ISO9001 and QC080000 and environmental criteria ISO14001 and OHSAS18001. TOP has implemented a continuous quality improvement program and constituted an international standard as a platform to training staffs as well as suppliers. Those activities either save the costs of customers involved with their supplier development program or strengthen TOP's green brand image.
TOP has learned and accumulated plenty of green SCM domain knowledge and capabilities as a main supplier of LCD supply chain through the two-stage process of the raw material quality verification and integration all of material in one product for each customer. Thus, TOP reversely requests the suppliers to comply with its customer environmental and economic requirement. Under the consensus of a multidisciplinary group of decision makers with various points of view and representing the different services of the company, TOP's managers and heads of departments have decided that product price, ISO quality system, and lead time are economic criteria. Green technology and environmental certificate are environmental criteria. The managers of the departments such as Employee Health and Safety, Production, Quality Control and Assessment, and Purchasing were required to make their evaluation, respectively.
In reality, TOP must work with suppliers for green product development. Quality control and supply ability of economic criteria are the most important customer requirement factors which related to green products. TOP's management team continuously integrates resources to investigate green products, such as light, lean production, and energy saving, to satisfy stakeholders. TOP is keeping good relationship with the suppliers that will benefit from the purchasing materials if needed. Additionally, TOP also maintains good relationship with customers who will provide TOP opportunities in innovative product developing and meeting the needs of customers easier.
The case revealed that the green criteria such as environment and sustainability do not yet play a crucial role within green supplier selection procedures in enterprise practice. Due to the environmental regulations, suppliers must meet some minimum requirements in order to be eligible to work with focal firms on the supply chain. After that, most of the companies do not apply environmental criteria to discriminate qualified suppliers; instead customers require suppliers to provide information such as Certificate of Nonuse of Those certificates concern quality of economic criterion and pollution control of environmental criterion. According to institutional theory, implementation of green SCM is due to mimetic and normative (competitive and bench marking) mechanisms. Facing environmental protection pressure and legitimacy isomorphism pressure, enterprises must comply with social expectation and maintain consistency with external environment to survive. Thus, the environmental and economic dimensions must be considered simultaneously [5] . Consequently, the proposed method is applied on the case of TOP following the steps below.
Step 1 (identify a number of economic and environmental criteria). In this study, the data used as input to implement the proposed green supplier selection and evaluate the method were collected by means of semistructured interviews with the top managers and head of departments. Four company managers were required to make their evaluation, respectively, according to their preferences for important weights of selection criteria and ratings of green suppliers.
Using Table 1 and discussions with a company's top managers and heads of departments, five criteria of economics and environment for green supplier selection were selected. Economic criteria include product price ( 1 ), ISO quality system ( 2 ), and lead time ( 3 ). Green technology ( 4 ) and environmental certificate ( 5 ) are environmental criteria.
Step 2 (aggregate the important weights of the criteria). After the determination of the green supplier criteria, each of four company managers is asked to conduct a pairwise comparison with regard to the different criteria using the fuzzy linguistic assessment variables (see Table 2 for these variables). The completed matrices for the required cell are shown in Table 3 . Applying (5)- (8) , the final weights of the economic and environmental criteria are obtained as shown in Table 4 .
Step 3 (aggregate the ratings of suppliers versus the criteria). After the determination of the suppliers assessment criteria, four company managers rate each supplier according to each criterion. A linguistic rating set of S was used to express the opinions of the managers, where S = (VP, P, F, G, VG), VP (Very Poor) = (0.0, 0.1, 0.2), P (Poor) = (0.1, 0.3, 0.5), F (Fair) = (0.3, 0.5, 0.7), G (Good) = (0.5, 0.7, 0.9), and VG (Very Good) = (0.8, 0.9, 1.0). Table 5 gives the aggregated suitability ratings of four green suppliers ( 1 , 2 , 3 , and 4 ) using (12) .
Step 4 (normalized performance of suppliers versus criteria). For simplicity and practicality, all of the fuzzy numbers in this paper are defined in the closed interval [0, 1]. Consequently, the normalization procedure is no longer needed.
Step 5 (calculate normalized weighted rating). Using (14) , the normalized weighted ratings can be obtained as shown in Table 6 .
Step 6 (calculate + , − , + , and − ). As shown in Table 7 , the distance of each green supplier from + and − can be calculated by (15)∼(16).
Step 7 (obtain the closeness coefficient). The closeness coefficients of green suppliers can be calculated by (17) , as shown in Table 8 . Therefore, the ranking order of the four green suppliers is 3 > 4 > 1 > 2 . Consequently, the best green supplier is 3 .
Conclusion
While the types of industry vary, the key strategies of green supplier selection also are changed. Nevertheless, all industries should concern suppliers from both economic and environmental aspects, because suppliers could influence firms' performance and stakeholders.
Green supplier selection is an important and complicated MCDM problem, requiring evaluation of multiple economic and environmental criteria incorporating vagueness and imprecision with the involvement of a group of experts. Although numerous studies have used economic criteria in the supplier selection process, limited studies have considered the economic and environmental criteria simultaneously. The implementation of green supply management was not well understood. This paper has proposed an integrated fuzzy MCDM approach to support the green suppliers selection and the evaluation process. In the proposed approach, both economic and environmental criteria were considered. In order to overcome the shortcomings of the existing fuzzy TOPSIS technique, this study has integrated the fuzzy TOP-SIS technique with the fuzzy AHP method, to determine the important weights of economic and environmental criteria. Finally, the proposed approach was employed to solve a real problem in the LEF industry. The results showed that the proposed approach is effective in supplier selection for the company. The application also indicated that the computational procedure is efficient and easy to use in practice. Future research should focus on developing an extension of fuzzy MCDM approach to segment the green suppliers based on the economic and environmental aspects. Different methods may be applied to select green suppliers and the results should be compared with the proposed approach. The proposed approach can also be applied to other management problems with similar settings.
